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SHIELDING AGAINST THE NEUTRONS PRODUCED WHEN 400-MeV
ELECTRONS ARE INCIDENT ON A THICK COPPER TARGETt
R. G. ALSMILLER, JR. and J. BARISH
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, USA
Neutron-transport calculations have been carried out using the method of discrete ordinates, and the dose equiva-
lent as a function of radius in spherical shields of various compositions is presented. The incident-neutron spectra
used are characteristic of the spectra emitted in"the angular intervals of 0 to 30°, 30 to 60°, 60 to 120°, and 120 to
180° when 400-MeV electrons are incident on a thick copper target. Results are given for shields of soil, concrete,
ilmenite, iron, and iron followed by soil.
1. INTRODUCTION 2. CALCULATIONAL DETAILS
10 2
E(MeV)
All of the results presented here were obtained
with the one-dimensional discrete ordinates code
ANISN. 6 The geometry considered is that of a
point isotropic source at the center of a sphere. The
spectra of neutrons emitted when a 400-MeV
electron beam is incident on a thick copper target
were taken from Ref. 2 and are shown in Fig. 1
FIG. 1. Neutron yield, averaged over the indicated
angular intervals, when 400-MeV electrons are
incident on a thick copper target.
for neutron energies> 15 MeV. The dimensions
of a 'thick' copper target are small compared to
the shield thicknesses of interest here, and thus the
copper target nlay reasonably be approximated to
be a point. There are, of course, neutrons emitted
from the target at energies < 15 MeV, but the
When a high-energy electron beam enters a thick
target, an electron-photon cascade is initiated and
the photons of the cascade interact with the nuclei
of the target to produce photoneutrons. It is
primarily the higher energy photoneutrons that
must be shielded against. An estimate of the
energy and angular distribution of the photo-
neutrons that are produced when high-energy
electrons are incident on a thick copper target has
been given by Gabriel and Alsmiller1 and by
Gabriel. 2 In the present paper, the results of
neutron-transport calculations obtained using as a
source the neutron spectra produced when 400-
MeV electrons are incident on a thick copper target2
are presented.t The calculations were carried out
using the method of discrete ordinates, and the
results obtained are similar to those presented
previously for a variety of source spectra. 3 - 5
Only shields of soil and concrete, however, were
treated previously, while here shields of soil,
concrete, ilmenite, iron, and iron followed by soil
are considered. Also, the geometry used here-
a point isotropic source at the center of a spherical
shield-is different from the slab geometry that was
used previously. 3 - 5
In Sec. 2 the calculational details are given. In
Sec. 3 the results are presented and discussed.
t This research was funded by the U.S. Atomic Energy
Commission under contract with the Union Carbide
Corporation.
~ The results presented here were obtained to aid in the
design of the shielding for the 400-MeV electron accelerator
under construction at the Laboratory of Nuclear Science of
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number and energy distribution of these neutrons
are not available and are not taken into account.
This means that consideration must be restricted to
sufficiently thick shields that these low-energy
neutrons from the target may be assumed to make
no contribution. It must be emphasized that only
the low-energy neutrons from the copper target are
neglected; production and transport of low-energy
neutrons « 15 MeV). in the shield are treated in
detail. The angular intervals over which the spectra
have been averaged are indicated in the figure. The
angles are measured with respect to the direction
of motion of the incident electrons. The angular
distribution of the neutrons emitted from the
copper target is not isotropic, and therefore the
problem of transporting these neutrons through a
spherical shield is not a one-dimensional problem.
Here the approximation is made that each of the
spectra shown in Fig. 1 may be treated indepen-
dently; i.e., a separate calculation is made when
each of the spectra shown are isotropically emitted
from a point at the center of a spherical shield.
Calculations have been carried out for shields of
soil, concrete, ilmenite, iron, and iron followed by
soil. Soil was assumed to be composed ofSi02 with
5 per cent H2°by weight. The composition of the
concrete used in the calculations is the same as
that used previously, 5 and ilmenite was assumed
to be FeTi03 . The densities of the shield materials
are shown in Table I.
TABLE I
Densities of shield materials
Shield material Density





For neutron energies < 15 MeV, the differential
elastic and nonelastic cross-section data for H, C,
N, 0, Mg, AI, Si, and Ca were taken from the
RSIC Data Library Collection7 ; for Ti, from the
work of Pennington and Gajniak8 ; and for Fe,
from ENDFjB MAT. 4180 MOD. l.t For neutron
energies > 15 MeV, differential nonelastic cross-
section data based on the work of Bertini were
t Available from the Radiation Shielding Information
Center (RSIC) of the Oak Ridge National Laboratory.
used. 9 - 11 For neutron energies > 15 MeV,
neutron-hydrogen elastic differential cross-section
data were taken from the analytic fits to experi-
mental data given by Bertini. 12 For neutron
energies > 15 MeV, the differential elastic cross-
section data for collisions with elenlents other than
hydrogen and titanium were taken from the 05R13
master cross-section tape.t In the case of titanium,
differential elastic-scattering cross-section data for
neutron energies > 15 MeV were not available,
and it was assumed that this elastic scattering could
be neglected. In all of the calculations reported
here, the protons produced by neutron-nucleus
collisions have not been transported since it has
previously been shown that the neutrons produced
by these protons may, to a good approximation, be
neglected. 3
The dose equivalent as a function of depth in
the shield was obtained using the calculated omni-
directional neutron fluence per unit energy and the
neutron fluence-to-dose-equivalent conversion fac-
tor recommended by the International Commission
on Radiation Units and Measurements. 14
3. RESULTS AND DISCUSSIONS
In presenting the results, the radial distance into
the shield is often measured in terms of a 'mean
free path', A. The mean free path used is in all
cases the mean free path for a nonelastic collision
at the highest incident energy in the source spec-
trum. Since the highest incident energy in the
incident source spectrum is a function of the
angular interval considered (see Fig. 1), the mean-
free-path values used are dependent on both the
incident angular interval considered and the shield
material. (The Avalues for all cases considered are
given in Fig. 4.)
The omnidirectional neutron fluence per unit
energy multiplied by the square of the radial
distance into the shield is shown in Fig. 2 as a
function of energy at a radial distance of 7 mean
free paths for the case of the 0 to 30° neutron
spectrum incident on the various shield materials.
The fluence per unit energy has been multiplied by
the square of the radial distance into the shield to
t The master cross-section tape for use in the 05R Monte
Carlo code, together with references to the source of the
cross sections, is also available from RSIC.








FIG. 2. Omnidirectional neutron fluence per unit
energy multiplied by the square of the radial depth
in the shield vs energy for various shield materials.
remove insofar as possible the geometric attenua-
tion. The fluences per unit energy are shown at
the same radial depth in mean free paths to make
them insofar as possible 'physically comparable'.
The actual choice of the mean free paths used,
however, is somewhat arbitrary, so no very precise
meaning can be given to the term 'physically
comparable'. The histogram intervals shown in
the figure correspond to the energy group structure
used in the discrete ordinates calculations. In
the case of concrete, the group structure used
corresponds to that used elsewhere. 5
At very high energies (~ 100 MeV), all of the
fluences per unit energy shown in Fig. 2 have the
same magnitude and shape, but very substantial
differences between some of the curves develop as
the energy decreases. The slight increase in the
fluence per unit energy in iron just above 15 MeV
is thought to be spurious. It is probably due to
the fact that the differential cross-section data used
for iron at energies just above 15 MeV do not agree
with the differential cross-section data used for
iron just below 15 MeV. The histogram values in
Fig. 2 at the lowest energies (i.e., those with arrows)
represent the omnidirectional neutron fluence per
unit energy multiplied by the radius squared at
thermal energies, which is taken here to mean all
energies ~ 4.14 x 10- 7 MeV. The concrete and
soil curves have approximately the same magnitude
and shape at all energies. The presence and effect
of resonances in the iron cross sections are very
apparent. The most striking feature shown in
Fig. 2 is the very substantial difference at low
energies (;$ 1 MeV) between the fluence per unit
energy in iron and the fluence per unit energy in
the other materials. The moderating effect of the
light elements in the soil and concrete shields is
very apparent.
The differences in shape of the fluence per unit
energy in the various materials have a very signifi-
cant effect on the dose-equivalent results. The
fractional contribution to the total dose equivalent
from neutrons with energies less than E for the
spectra given in Fig. 2 is shown in Fig. 3 as a
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FIG. 3. Fractional contribution to the total dose
equivalent from neutrons with energies less than
E vs E for various shield materials.
function of E. In the case of an iron shield, almost
the entire dose equivalent is contributed by
neutrons with energies ~ 1 MeV. In the case of
soil and concrete shields on the other hand, even
very high energy neutrons contribute appreciably
to the dose equivalent. The results presented in
Figs. 2 and 3 are for a specific radius in the shield
and for a specific incident spectrum, but quali-
tatively similar results would be obtained at the
larger depths for all of the incident spectra con-
sidered.
The dose equivalent multiplied by the radius
squared is shown in Fig. 4 as a function of radius
for all of the incident spectra considered and for
shields of iron, ilmenite, soil, and concrete. Also
shown in the figure for the 0 to 30° and the 120 to
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FIG. 4. Dose equivalent multiplied
by the radius squared vs radius for a
variety of incident spectra and shield
materials. Note that the dose equivalent
has been multiplied by the radius squared
in em2 , but the results are plotted
against the dimensionless variable rpiA,
where r is in em, p is in g cm- 3 , and A
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of 99.06 cm of iron followed by soil. In all cases,
the shield radius was taken to be 1500 g cm- 2,
and the largest radius for which a value is given for
each curve corresponds to 1500 g cm- 2 measured
in terms of the appropriate value of A. In the case
of an iron shield followed by soil, the A value for
iron was used in obtaining abscissa values in the
iron portion of the shield and the }\, value for soil
was used in obtaining abscissa values in the soil
portion of the shield. The abrupt decrease in the
dose-equivalent curves near the end of the shield
is due to the absence of an albedo fluence at the
end of the shield. In all cases, the curves are
shown for all radii greater than one mean free path.
In considering the results, however, it must be
remembered that incident neutrons < 15 MeV
were not considered and therefore the dose-
equivalent values given in Fig. 4 for the first few
mean free paths, particularly in iron, might be
underestimates for this reason.
For all of the neutron spectra considered, the
curves for iron in Fig. 4 are very different from the
curves for ilmenite, concrete, and soil. For a
given neutron spectrum, the curves for soil and
concrete are very similar. In the case of an iron
shield followed by soil, the dose equivalent is the
same as that for iron until near the iron-soil
interface. The iron-soil curves fall below the iron
curves just before the interface because the albedo
fluence from soil is less than the albedo fluence
from iron. In the vicinity of the interface, the dose
equivalent decreases very rapidly with increa sing
radius and ultimately attains a magnitude and shape
that are nearly the same as those for a soil shield.
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